Fly ash has been increasingly used in concrete structures due to both environmental and technical benefits.
In recent years, the use of fly ash in concrete at high percentages beyond the 30% level commonly adopted before has been studied extensively (M.J. McCarthy et al., 2005) . The practicality and suitability of cement-based materials containing high proportion replacement of up to 80% by mass of cement by fly ash have been examined (Obada Kayali et al., 2013 ; M.S. Khan et al., 2015) . The influence of different replacement levels of fly ash on fundamental concrete properties has been investigated widely, including physical properties (Natalia I.V. et al., 2015; Erhan Guneyisi et al., 2014; Khuito Murumi et al., 2015; P. Chindaprasirt et al., 2004) and hydration properties (Cengiz Duran Atis 2002; L. Lam et al., 2000; A. Palomo et al. 2007 ; B.W. Langan et al. 2007) . Until now, fly ash has been a common material mixed in self-compacting concrete (SCC) (N. Bouzoubaa et al. 2001; W. Wongkeo et al. 2014) , roller compressive concrete (RCC) (Cengiz Duran Atis 2005) and other mass concrete (Anton K. S. et al. 2014 ).
Despite such significant past research effort, several key aspects still require further investigation: Our current understanding of the effect of fly ash on hydration heat evolution is not sufficient. Most researchers only studied the effect of fly ash on hydration heat by testing hydration products of cement-fly ash (CFA) binder (F. Puertas et al. 2000; S.H. Liu et al. 2014 ), but they cannot quantitatively describe the influence of fly ash on hydration heat of cement-based materials. Besides, the influence of fly ash on thermal properties has been studied by only few researchers (D.P. Bentz et al. 2010) . With the usage of fly ash increasing in mass concrete production, thermal properties of concrete containing large volume of fly ash are increasingly of great interest. In this paper, both CFA mortar and concrete tests were designed and tested. A wide range of properties were investigated, which aimed at providing a more comprehensive knowledge of cement-based materials containing fly ash. The mortar tests mainly studied the effect of fly ash on the setting time and hydration heat evolution, while the concrete tests focused on the influence of fly ash on thermal and mechanical performance of resulting concrete.
Based on the measured hydration heat of mortars, the reduction coefficient of fly ash on the hydration heat evolution can be determined, effectively allowing prediction of the adiabatic temperature rise of concrete structures. Different replacement levels of Portland cement by fly ash (30%, 50% and 60%, by mass) have been investigated. In addition to thermal properties, such other important physical properties of CFA concrete as compressive and flexural strengths, static elasticity modulus, autogenous deformation and drying shrinkage, were also studied and reported.
MATERIALS
The ordinary Portland cement (OPC) and fly ash (FA) used in the study meet the relevant Chinese National 
CEMENT-FLY ASH MORTAR
In order to study the influence of FA on hydration and physical properties of cement-fly ash (CFA) mortar, a series of mixes with different replacement level of OPC by FA ranging between 0 and 60% by mass were designed ( Table 2 ). The contents of total binder, water and sand were kept constant for all CFA mortar mixes and were 450g, 225g and 1350g respectively. The water-to-binder ratio by mass was thus 0.5 for all mortar mixes. 
Physical properties of cement-fly ash mortar
The initial and final setting times of CFA binder and the flow-ability of CFA mortar were tested in accordance with GB/T50146-2014. The results of both tests are reported in Table 3 . It is clear evidenced from Table 3 that the higher the percentage of FA, the longer both the initial and final setting times. This is mainly due to the pozzolanic nature of FA, which requires calcium hydroxide from hydration of OPC for its hydration (Neville A.M. et al. 2008) . The flow-ability, however, does not seem to vary with the FA content. The compressive and flexural strengths of CFA mortar were also tested in accordance with GB/T17671-1999. The obtained test results are given in Table 4 . The variation of strengths versus the replacement percentage of FA for OPC is plotted in Figure 2 . As shown in Table 4 , both compressive and flexural strengths are found to increase over time. Also, increased percentage of FA corresponds to a reduction in the strength (Figure 2 ), indicating that using FA to partially replace OPC is adverse for improving strength of cement-based materials. Such reduction is particularly much greater for the 90-day strengths when the percentage of FA is higher than 30%. Figure 3 . As expected, for each mix, the measured drying shrinkage increases rapidly during the first 20 days or so. After that, the rising rate becomes small and tends to be stable. Drying shrinkage is also observed to decrease with increased FA percentage up to about 50% replacement, above which drying shrinkage seems essentially unchanged. With the replacement level of FA increasing from 0 to 50%, the average drying shrinkage value declines rapidly, denoting that using FA as a partial replacement for OPC is beneficial for restraining drying shrinkage. 
Effect of fly ash on hydration heat evolution
In addition to the influence of FA on physical properties, improved knowledge of the effect of FA on hydration heat of cement binder is also of significant interest. Hydration heat at different ages (from 1 to 7 days) was tested in a 20mL ampere bottle with the initial hydration temperature of 20℃. The measured data of hydration heat of CFA-1, 2, 3 and 4, is shown in Figure 4 . It clearly illustrates that the higher hydration heat of CFA-1 compared to that of CFA-2, which is in turns higher than that of CFA-3, and the hydration heat of CFA-4 is the lowest. This denotes that increasing the replacement percentage of FA can significantly reduce the heat evolution of CFA binder. Also, it can be observed that the average rising rate of hydration heat becomes smaller as the percentage of FA increases. Based on Eq. 1, the reduction coefficient of FA on hydration heat (k) can be expressed as
Combined Eq. 2 and the test data of hydration heat reported in Figure 4 , the reduction coefficient k can be confirmed, and the calculation results of k are plotted in Figure 5 . The obtained reduction coefficient k is found to vary between 0.12 and 0.27. For each level of fly ash content, the reduction coefficient initially increases, reaching a peak at the age of about 2 days before gradually decreasing over time. However, there is no clear relationship between the k coefficient and fly ash percentage. The average value of the reduction coefficient k peaks at CFA-3 by 0.22 while the lowest value occurs at CFA-4 by 0.15. 
CEMENT-FLY ASH CONCRETE
Concrete mixes with different replacement level of FA for OPC (30%, 50% and 60%, by mass), were designed (Table 5 ) and used to investigate the influence of FA on CFA concrete. To correspond with CFA mortar tests, the ratio of water-to-binder (w/b) was still kept at 1:2 by mass. 
Thermal properties
Relevant thermal parameters of cement-fly ash concrete were tested on the basis of DL/T5150-2001, and the obtained tests results are reported in Table 6 . As shown in Table 6 , an increase in percentage of FA results in a small decrease in thermal conductivity and linear expansion coefficient but only a relatively modest gain in
Poisson's ratio. Overall, these thermal parameters listed in the table were little influenced by the increase of replacement percentage of FA. The obtained test data of adiabatic temperature rise of concrete was plotted in Figure 6 . It can be observed from the figure that the increase rate of adiabatic temperature rise of C-1 is the fastest while the increase rate of C-3 is the lowest. The value of adiabatic temperature rise of C-1 at the age of 15 days is approximate 20.75℃, which is higher than the temperature of C-2 (19.89℃) and C-3 (19.42℃). This is also consistent with the hydration heat evolution measured for cement-fly ash mortar, as presented in Figure   4 . 
Where, f τ is the flexural strength and f c is the compressive strength. Table 8 , an increase in percentage of FA leads to a significant decrease in the average ultimate tensile strain and also results in a relatively modest decline in the static elasticity modulus. This denotes that using FA to replace OPC may slightly reduce the crack resistance capacity of concrete. Figure 8 illustrates the test results of drying shrinkage of CFA concrete, and the test procedure was also in accordance with DL/T5150-2001. In Figure 8 , it presents that the drying shrinkage rises dramatically at the early ages and gradually becomes stable after the age of 180 days. As the replacement percentage rises from 30% to 60%, the final drying shrinkage of concrete drops significantly. The measured drying shrinkage of concrete is much smaller than corresponding mortar, which is thought due to the restraining effect of aggregates. 
CONCLUSIONS
According to above analysis, the following conclusions can be summarized:
[1] Fly ash as a replacement material for Portland cement has the effect of delaying the initial and final setting times of cement-fly ash binder. It also has the effect of reducing the compressive and flexural strengths. The reduction is particularly much greater when the percentage of fly ash is higher than 30%.
[2] As for hydration properties, fly ash can effectively reduce the hydration heat evolution of cement-fly ash binder. The reduction coefficient of fly ash on the hydration heat evolution varies between 0.12 and 0.27. Combining the Eq. 1 and the reduction coefficient k, adiabatic temperature rise of cement-fly ash materials can be estimated in engineering applications.
[3] Using fly ash to replace Portland cement in concrete production will significantly affect the adiabatic temperature rise of concrete while other thermal properties (thermal diffusivity, thermal conductivity and average specific heat) are only slightly influenced.
[4] In cement-fly ash concrete, with the replacement percentage of fly ash for Portland cement rising from 30% to 60%, the relationship between compressive strength and flexural strength shows as a similar linear variation. Overall, ultimate tensile strain, static elasticity modulus and drying shrinkage all experience various degrees' reduction.
